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Abstract

Press-braking bending is usually performed after face milling to obtain the specified curvature of variety
mechanical parts, which is widely applied in the aircraft manufacturing. The surface layer residual stress
on workpiece caused by milling has an important influence on subsequent forming. The influences of
surface residual stress caused by milling operation on press-braking bending has been investigated
analytically and experimentally in this study. The analytical model for springback prediction based on
plane strain assumption is proposed using the material model of Mises yield criterion and Swift
exponential hardening law, and takes into account of the effects of milling-induced residual stress. Three
levels of residual stress are introduced in the test plates through milling operation with different cutting
speed. The analytical results are compared with the bending experiments of 7050-T7451 Al-alloy plates.
Results show that the accuracy of the contour obtained by the proposed model is improved when surface
residual stress is considered. Furthermore, the influence of surface residual stress on springback is
discussed. It is revealed that surface tensile residual stress increases springback and surface
compressive residual stress contributes positively to the final shape of bent specimens.

1 Introduction

Press-braking bending is a metal forming process in which the universal dies are used to carry out local
three-point bending point by point according to a certain deformation sequence, and then the ideal
curvature shape can be obtained through successive accumulation of bending deformation [1]. These
processes have many advantages, such as strong adaptability to different contours, simplicity of bending
tools, short manufacturing time and low process cost [2, 3]. Due to these advantages, press-braking
bending has been widely used in the manufacture of aircrafts [4], marine engineering structures, ship hull
structures, and many other manufacturing fields [5, 6].

Press-braking forming process is an elastoplastic process, including loading and unloading. Springback
will occur during unloading and directly influence the shape accuracy of formed plates. Therefore, it is of
great importance to predict springback accurately. Different methods, such as analytical method, semi
analytical method [7], finite element (FE) method and experimental method [8], have been applied to
predict the springback of press-braking bending. YAN et al [9] improved the simulation accuracy of press
bending by investigating the parameter identification method to determine the parameters of yield
criterion. KIM et al [10] used FE analysis to estimate the stress and strain of a sheet being bent in
pressbrake bending. ESAT et al [11] analyzed bending and springback of different aluminum materials of
different thickness through FE analysis. However, FE method is a time-consuming method and is very
sensitive to numerical parameters such as element type and size, contact definition and convergence
criterion for solution. Analytical method is time saving but can only used to simple problems [12]. Only
few studies have been reported for press-braking bending using analytical method. ANOKYE-SIRIBOR et
al [13] developed an analytical model of the air bending process based on in-process identification of
material characteristics during pressbrake forming. ZHAO [14] addressed a new analytical method for
springback of small curvature plane bending with unloading rule of classical elastic-plastic theory.
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MOHAMMADI et al [15] developed an analytical formulation for springback prediction based on a wrap
around assumption and primary bending theories. The above analytical models have good agreement
between the predict results and experimental data. However, on one hand, springback prediction is
investigated in single-point bending forming in the above studies. Press-braking bending is a multi-step
bending process at different bending points, and the final shape of bent plates need to be concerned. On
the other hand, as the extra materials have been removed via face milling operation prior to bending
submission, especially for large integral panels, a high level of surface residual stresses are generated
[16] in the prepared plates. The milling-induced residual stresses have been studied extensively in terms
of machining techniques [17-19], but have not been considered in springback for press-braking bending.
WEISS et al [20] and ABVABI et al [21, 22] indicated that the product quality of sheet metal may be
affected by the pre-existing residual stress during bending forming. LIN et al [23] demonstrated that both
residual stress and thickness have major effect on sheet metal’s springback. However, the existing
springback theory and finite element simulation rarely consider the impact of milling-induced surface
residual stress, which may lead to a certain error with regard to the springback prediction and contour
accuracy of bent plates. This has raised the idea of studying press-braking bending combining with
surface residual stress.

A few studies have been performed on the influences of pre-existing residual stresses on the forming of
sheet metal. A commercial aluminium alloy, AA6063, was reduced in thickness by rolling to introduce
residual stresses into the material, and finite element analysis was used to analyze the effect of residual
stresses on downstream forming. The results show that including the effect of pre-existing residual
stresses will improve model accuracy [20, 22]. An experimental study of surface residual stress for
deformation machining (a combination of thin structure machining and single point incremental
forming/bending) has been performed by SINGH [24], and the effect of machining parameters, bending
parameters and forming parameters on surface residual stress were discussed. However, the effect of
surface residual stress induced by machining on subsequent forming/bending is not considered. HUANG
et al [25] introduced machining-induced residual stresses on the surface of the components to investigate
the effect of residual stress on machining deformation for monolithic component. WANG [26] studied the
influences of initial residual stress of blanks and cutting stress in the machining process on deformation
of thin-walled parts, and the results showed that initial residual stress and cutting stress have a
significant effect on workpiece deformation after processing. In their work, the influences of residual
stress on machining deformation for monolithic component are analyzed based on finite element
simulations and experiments, and the results show that the initial stresses influence the subsequent
process to some degree. A creep model is developed by SPENCE [27] to describe the effect of residual
stress due to machining operations on the geometry of an aluminum alloy component as it creeps. Finite
element models have been developed to simulate creep-age forming (CAF) processes with consideration
of machining-induced residual stresses and distortion by LAM [28], and the results showed that the
machining-induced residual stresses will affect the accuracy of springback prediction in CAF. The
theoretical model and numerical method are proposed by LI [29] to investigate the machining distortion
of the pre-bent cylindrical skin-panels. The residual stresses due to the coiling-uncoiling process are
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specified as the initial stresses in a subsequent finite element simulation of cold bending by QUACH [30,
31]. Ll et al [32] investigated the effect of machining-induced stresses on springback of creep age formed
AA2050 plates experimentally and numerically, and different levels of residual stress were assigned to the
test plates with different thickness. Overall, the influences of surface residual stress on press-braking
bending have not been investigated, and the final shape of bent plates need to be concerned for multi-
step bending.

In this study, the influences of surface residual stress caused by milling operation on the press-braking
bending is investigated through analytical modeling and experiments. The analytical model for
springback prediction based on plane strain assumption are proposed using the material model
complying with Mises yield criterion and Swift exponential hardening law, and takes into account of the
effects of milling-induced residual stress. Three levels of residual stress are introduced in the test plates
through milling operation with different cutting speed. The analytical results are compared with the
bending experiments of 7050-T7451 Al-alloy plates. Further analyses of the effect of surface residual
stress on springback and final shape of the plates have been carried out and conclusions are given at the
end of the paper.

2 Milling-induced surface residual stresses

Milling is widely used for manufacturing various parts, which will cause severe mechanical and thermal
stress on the material and then result in the formation of residual stress on surface layer of the machined
parts [33]. The experimental method [34], FE method [35] and analytical model [19] are used to study the
influence of the cutting parameters, tool geometry, cutting edge geometry, tool wear, and cutting tool
material on the residual stresses. In this study, surface residual stresses are introduced into the sheets
using three different cutting speed conditions for the cutting speed has a significant influence on residual
stress.

The residual stresses at the surface of the workpiece show a certain degree of dispersion, and this is
mainly due to the different cutting forces and cutting heat at different geometric position on workpiece.
However, compared with the effect of cutting speed on residual stress, the change of geometric position
has little effect on residual stress. Additional, the residual stress are distributed in plane stress condition
[36], and the stress perpendicular to the feeding direction, which is parallel to the bending direction, has
little effect on bending deformation. Therefore, the stresses discussed in this research are the surface
residual stress in feeding direction of milling.

3 Analytical springback model considering surface residual stresses

When the sheet is bent, the stress distribution in the cross section with consideration of the initial stress is
shown in Fig. 1. In this paper, the residual stress is taken into consideration in the theoretical analysis of
the workpiece bending. The cross section can be divided into three regions, i.e., the superposition areas in
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upper and lower surfaces and remaining area. Therefore, the stress distribution in the superposition areas
inherits the bending stress and the milling-induced stress.

The following assumptions are listed to build the springback prediction model for sheet bending:

1. The volume of the material is constant during the bending process, which can be written as
€g + €p + €, = 0, where €y, 3, €, represent the strain components in the direction of tangential,
radial, and thickness.

2. The plane strain condition, €,= 0, is adopted during press-braking bending for wide plate.

3. The contact region between punch and sheet is assumed to be circular [37], and the neutral surface
always stay at the same position.

4. The material exhibits Swift exponent-hardening behavior, which satisfy the stress-strain law:
E:K(sg + E)n[38, 39], where ¢ is material parameters given by og=Kz¢e", is strength
coefficient, andis hardening exponent.

5. The shear stress is ignored during bending, and the arbitrary cross-section remains plane and
perpendicular to the deformed middle surface of the sheet [40].

6. Von Mises criterion, which is suitable for the ductile materials, is used for plastic yielding,.

Due to the milling operation, the surface material inherits the bending stress and the milling-induced
stress. The stress on the bent plate cross-section with consideration of surface residual stresses can be
expressed as follows:

g =09+ Tmin, Pi <P < Po
1

where oy is the tangential stress during bending process without consideration of the milling-induced
stress and distributes in the range of [—t/ 2, ¢/ 2], which have been derived in our former study [41]:

For the elastic deformation zone
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3

where Eis Young’s modulus, and v refers to the Poisson ratio. p is the curvature radius of the measured
point. p, is the curvature radii of the neutral layer before unloading. y, is half the thickness of elastic

deformation. ¢, is stress in the radial direction. K'is strength coefficient. nis hardening exponent. g is
material parameter. g4 is the strain component in the tangential direction. p; and p, are the curvature radii
of the innermost and outermost surfaces of the bent plate, respectively.

The milling-induced stress 7,,,;;; can be expressed as below,

o ot )2 <t< —t)2 +t,t)2 —t, <t<t/2
il —
" 0, —t/2 +t, <p<t/2 —t,

4

where t,. is the thickness of surface stress in Fig. 2, af:;f

operation.

is the surface residual stress induced by milling

The total cross-section stress is the superposition of bending stress and initial stress. The bending
moment is defined below,

Po
=w / o' (p — pn) dp
Pi
5

where w is width of the cross section.

The elastoplastic curvature change is equal to the elastic curvature change caused by the bending
moment based on the classical springback theory, i.e., the springback bending moment and bending
moment are equal in quantity and opposite in direction. The curvature change after the springback is
achieved below [42, 43],

1 1 M
AK = —-— =
po p1 EI
6

with I:wt3/ 12, where is the moment of inertia of the cross section, A K is the springback curvature, pg
and p; are bending radius of the neutral layer before and after unloading.

According to the length of neutral layer remains the same,p; a1 =pga, and with Eq. (18), the springback
angle for the bent workpiece is obtained by:
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Aa = ag-a1=ay (1—/00/p1)
7

where A« is springback angle, oy and o are bending angle before and after unloading.

The detailed procedure used to solve for the springback curvature and springback angle is presented in
Fig. 2. The effects of both the milling-induced stress and bending stress are considered in the SPM-RS
model (springback prediction model with milling-induced stress). The milling-induced stress is not
contained in the SPM-NRS model (springback prediction model without milling-induced stress) when the
step 4 is ignored in the calculation flowchart.

4 Experiments
4.1 Uniaxial tensile tests

The material used in this study is an aluminum alloy 7050-T7451, whose main chemical composition is
presented in Table 1.

Table 1
Main chemical composition of 7050-T7451 (wt.%)
Si Fe Cu Mn Mg Cr Zn Zr

<0.12 0.013 2026 <010 19-26 =<0.04 57-6.7 0.08-0.15

The basic properties of the material are obtained through a series of uniaxial tensile tests which were
carried out in a universal testing machine CSS-44100 according to the standards GB/T228-2002. The
tensile specimens are designed as shown in Fig. 3(a). The tensile process is given in Fig. 3(b). A total of
three tests were performed and the average stress-strain curve is plotted in Fig. 3(c). The mechanical
properties of the material are presented in Table 2.

Table 2
Mechanical properties for Al 7050-T7451

Density (g/cm3)  Tensilestrength  Yield stress  Elasticity modulus £ Poisson's ratio v
(MPa) (MPa) (MPa)

2.73 502 442 66000 0.33
4.2 Measurement of surface residual stress

The milling experiment is performed on JDHGT400_A10H NC. The cutting tool used is 8 mm diameter
solid carbide with three blade structure. The feed rate (1.5m/min) is kept constant for tests, and changing
spindle speed (10000 r/min, 12000 r/min and 14000r/min) are set for specimens to introduce different
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surface residual stresses. Figure 4(a) shows the milling process. The directionis parallel to the feeding
direction and the directionis perpendicular to the feeding direction. The workpiece used in this work is a
rectangular block with the dimension of 200mm*15mm*7.5mm (Fig. 4(b)).

The milling-induced residual stresses on the surface of the workpieces are measured using the LXRD
MG2000 stress analyzer (Fig. 4(c)), and the results are shown in Table 3.

Table 3
Surface residual stress in the feeding direction
Feed rate (m/min) 1.5
Spindle speed (r/min) 10000 12000 14000

Surface residual stress (MPa) 25.62  -20.57 -31.59

4.3 Bending forming tests

The bending experiment is performed on the CSS-44100 Electric Universal Testing Machine. The distance
between the support bodies is 50mm. The punch displacements adopted in bending experiments are
3mm and 3.5mm. The diameters of punch and support bodies are T0mm and 30mm respectively.

Figure 5 shows the bending experiment tools and specimen. The contours of the specimens after
unloading are obtained by Creaform 3D scanner, which is displayed in Fig. 6.

5 Results and discussion

When the measured surface residual stress is considered, the curvature radius and bending angle of all
the three specimens (No.1-No.3) after unloading are calculated using numerical integration method with
Egs. (17)-(19), and the analytical results are shown in Table 4.
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Table 4
Theoretical values

No.  With milling-induced stress

Punch displacement (mm)  Curvature radius (mm) Bending angle (°)

1 3.5 133.1385 21.7974
3 165.7571 17.4485
2 3.5 132.4991 21.9026
3 164.6092 17.5702
3 3.5 132.3475 21.9277
3 164.3377 17.5992

No.  Without milling-induced stress

Punch displacement (mm)  Curvature radius (mm) Bending angle (°)
1-3 35 132.7831 21.8558

3 165.1184 17.5160

5.1 Effect of surface residual stress on final shape

The contours of the specimens after press-braking bending through experiment and theoretical
calculation with the SPM-RS model and SPM-NRS model are illustrated in Fig. 7(a)-(c), and half of the
specimen is plotted for its symmetries. The profile predicted with the theoretical calculation has a good
consistence with the measurement, and the errors between the experiment and the SPM-RS model of the
No.1-3 specimens are less than 10%. The possible reasons accounting for some deviations between
theoretical calculation and experimental results may be attributed to the following reasons: (1) Only the
initial surface residual stress in the feeding direction is taken into account, and the shear stress is
ignored, which lead to the under estimation of surface stress. (2) The theoretical models are calculated
under the assumption that the neutral surface does not move during the press-braking bending and
springback. (3) The errors in experimental data can be attributed to various origins such as flaws in blank
preparations, deviations in milling, bending operations, method of measurements and so on. However, the
prediction accuracy can meet the engineering requirements from the engineering view of point [44].

Compared with the experimental results, the difference between the contours calculated with SPM-RS
model and SPM-NRS model is small for the surface residual stress considered in SPM-RS model after
milling operation is relatively low. However, the relatively small differences still can be seen and the
comparison of maximum contour error of three test plates is shown in Fig. 7(d). The accuracy of the
contour obtained with SPM-RS model is higher than the predictions made under the SPM-NRS model, and
the maximum deflection of contour prediction has improved by 42.1% (from 3.39-5.85%), 6.4% (from
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5.88-6.28%) and 14.6% (from 6.07-7.11%), respectively. It is in agreement with the results for the rolling
forming presented previously by ABVABI [22, 45]. This discrepancies between the SPM-RS model and
SPM-NRS model may be partly due to additional surface residual stress after milling which are accounted
for in the SPM-RS model and the springback model gives lower moment values according to Eq. (17), but
not in the SPM-NRS model.

The bow height of the three specimens are calculated as shown in Fig. 8. The bow height represents the
vertical distance from the lowest point to the highest point of the outer profile of the bent specimen. It can
be found that the bow height values predicted with SPM-RS model and SPM-NRS model are close for the
slight surface residual stress introduced in theoretical models. Nevertheless, the bow heights predicted
with SPM-RS are smaller than that predicted with SPM-NRS model. Some possible explanations for this
are given blow: the milling operation introduces plastic deformation in the material surface and leads to a
higher yield stress in the surface material of specimens due to strain hardening. Therefore, the loading
force in bending will increase to make the surface material of specimens yield, which lead to the increase
of springback after unloading and decrease the bow height of the specimens for the theoretical
calculations.

In addition, the maximum error of bow height between experiment and SPM-RS is 10.2%, which can
further verify the accuracy of the analytical model. Therefore, the analytical springback model
considering surface residual stress proposed in this paper is sufficiently accurate to predict the
deformation of milling plates during bending process.

5.2 Effect of surface residual stress on springback

To study the effect of surface residual stress on springback, the comparison of springback angle under
punch displacement of 3mm and 3.5mm are shown in Fig. 9(a), (b). It is obviously that the springback
angle increases with increasing punch displacement, and the trend has also been observed in previous
study by PARSA [15, 46]. In addition, the springback angle of No.1 is larger than the value calculated with
SPM-NRS when the tensile surface residual stress is considered in SPM-RS model, and the springback
angle of No.2 and No.3 is smaller than the value calculated with the SPM-NRS model when the
compressive surface residual stress is considered in SPM-RS model.

This can be explained by the yield deformation of the surface material subjected to tensile residual stress
is later than that the surface material subjected to the compressive residual stress, and a higher loading
force is needed for forming the specimen that surface material subjected to tensile residual stress. Take
punch stroke of 3mm as an example, the force-displacement curves of the three specimens (Nos. 1-3)
during loading are shown in Fig. 10. It is further confirmed that the loading force is higher when the
surface material subjected to tensile residual stress than that the surface material subjected to the
compressive residual stress.

According to the results, the surface compressive residual stress contributes positively to the final shape
of bent specimens. It is consistent with the conclusions of SHEN [44] that the springback control in the
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edge regions is the key to control the processing quality.

6 Conclusions

The influences of surface residual stress caused by milling operation on press-braking bending are
investigated in this study. An analytical springback model with surface residual stress is established
based on plane strain assumption and bending experiments have been carried out for verification. The
following conclusions can be drawn:

1) The contour errors between the results obtained from the SPM-RS and those obtained from
experiments are less than 10%, and the maximum error of bow height is 10.2%. The prediction accuracy
can meet the engineering requirements from the engineering view of point.

2) The accuracy of the three test plates’ contours obtained with SPM-RS is higher than that of the SPM-
NRS, and the maximum deflection of contour prediction has improved by 42.1% (from 3.39-5.85%), 6.4%
(from 5.88-6.28%) and 14.6% (from 6.07-7.11%), respectively.

3) The springback angle increases when the tensile surface residual stress is introduced in the test plates.
The surface compressive residual stress in feeding direction of milling contributes positively to the final
shape of bent specimens. It is very helpful for improving the accuracy of press-braking bending in actual
industrial fabrication.
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Stress distributions through the material thickness considering the initial stress
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e

v

Uniaxial tensile experiment

1. Determine the material parameter: K, 72,&,, E, v

v

2. According to y,= (0' JE ) P, . calculate elastoplastic interface: V.,

v

3. According to Eq. (2) and Eq. (3), determine the stress-strain relation

during bending process: O

Milling-induced surface
residual stress distribution

4. According to Eq. (1), calculate the stress on the bent plate cross-
section with consideration of initial stress: 0,

v

Consider the bending moment
caused by the initial stress

5. According to Eq. (5), calculate loading moment: Af

Analytical results

Figure 2

v

6. According to Eq. (6), calculate springback curvature: AK

v

7. According to Eq. (7), calculate springback angle: Aca

v

( End j SPM-RS model

Flowchart used to solve the springback curvature and springback angle
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Figure 3

Mechanical properties test (a) tensile specimen (b) tensile process (c) stress-strain curves

Milled specimens
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(b)

Figure 4
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Milling process and measurement of the surface residual stress (a) milling process (b) specimens after
milling (c) residual stress measurement

Figure 5

Bending experiment
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Scanning profile

(b)

Figure 6

(a) Scan the workpiece profile (b) the contour of the specimen after data processing
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Figure 7

The profile of three test plates after springback determined experimentally and by the analytical approach
(@) No.1 (b) No.2 (c) No.3 (d) maximum contour deflection
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Figure 8

Comparison of bow height
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Figure 9

Comparison of springback angle (a) punch displacement: 3mm (b) punch displacement: 3.5mm
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Figure 10

Force-displacement curves under punch stroke of 3mm during loading
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